ABSTRACT Aggregated forms of deoxyhemoglobin S were examined with a field emission transmission electron microscope. Images of isolated helical fibers were obtained from sickled cell lysates stained directly on the electron microscope grid. Optical and digital analyses of the electron micrographs showed that the fibers are similar to those characterized by J. T. Finch, M. F. Perutz, J. F. Bertles, and J. Dobler [(1973) Proc. NatL Acad. Sci. USA 70, 718-7221 in that they consist of stacked discs each composed of six hemoglobin molecules. The fibers exhibit an outer diameter of 160-170 A and an inner diameter of about 60 A with an axial spacing of 58 A per disc. The fiber can be described as a helix consisting of 56 discs per helical turn. We observed discs of six hemoglobin molecules, which may be stable substructural components of the fibers. They were observed in preparations of hemoglobin fibers and exhibited 6-fold symmetry by power spectrum analysis. A reconstructed image of a disc digitally filtered for 6-fold symmetry has a maximum external diameter of -170 A and a central hole of 60 A diameter and is similar to the axial projection of a single disc from a low-resolution, three-dimensional reconstructed model of a fiber.
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The erythrocyte sickling phenomenon of sickle cell anemia is associated with aggregation of hemoglobin S (HbS) molecules into linear arrays or fibers (1) (2) (3) (4) (5) (6) (7) (8) (9) . These aggregates form long bundles of fibers within the erythrocyte and are believed to be responsible for deformation of the cell into abnormal shapes with the consequent acute physiologic manifestations known as sickle cell crisis. The molecular basis of sickle cell anemia is a mutation in the 13-globin gene causing replacement of Glu A3(6)# with valine in each of the subunits of hemoglobin (11) .
It is clearly desirable to relate the structural alteration of the hemoglobin molecule to the mechanism responsible for the formation of the characteristic linear aggregates. Structural features of aggregates of deoxyhemoglobin S (deoxyHbS) molecules have been characterized by electron microscopy (1-5), x-ray diffraction (6) , and physical chemical studies (7) (8) (9) (10) . On the basis of these studies, models have been presented that are consistent with the fl6 site at the points of intermolecular contact (12) ; however, direct structural determination of the molecular orientation of the deoxyHbS molecule in the fiber is required to resolve the role of the substituted valine residue.
Correlating the features of the fibers with the chemical and physical properties of the deoxyHbS molecule has been complicated by the fact that at least two distinct types of fibers have been described by electron microscope studies: a six-stranded helix (1, 2) having 6-fold axial symmetry and two types of
The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. eight-stranded helices in which pairs of strands are related by either 4-fold (2) or 8-fold axial symmetry (5). The models deduced from electron micrographs are difficult to substantiate with the x-ray fiber diffraction patterns of sickled cells or of gels obtained from deoxyHbS solutions (6) because of poor orientation. Furthermore, the ultrastructural properties -of linear aggregates of deoxyHbS molecules formed from purified solutions are not necessarily identical to those observed directly from freshly lysed sickle cells. In short, polymorphism appears to characterize the aggregation of deoxyHbS (1-6). Any convincing structural mechanism should, therefore, account for the varied modes of interaction.
In this communication we report a preliminary characterization by electron microscopy of one type of ordered aggregate of deoxyHbS molecules, the 6-fold symmetric helix similar to that initially described by Finch et al. (1) . Our electron micrographs also reveal many disc-like structures which appear to be rings of six hemoglobin molecules with apparent 6-fold symmetry and could represent a substructural component of the fibers. The results of these studies, by both direct observation of single discs and image reconstruction techniques, demonstrate that the fiber is a hollow, tubular structure. carbon film supported on a carbon-coated fenestrated plastic film. After 2 min, excess solution was removed from the grid and the adherent lysate was stained with 2% (wt/vol) sodium phosphotungstate for 2 min. In some cases lysates were fixed with 1% (wt/vol) glutaraldehyde on the grid before staining.
METHODS AND MATERIALS
HbS was purified chromatographically from blood of heterozygous patients (8) and concentrated by ultrafiltration. Gels were prepared at room temperature from deoxygenated solutions that contained 3.4 mM HbS, 3.4 mM inositol hexaphosphate, and 65 mM phosphate buffer (pH 6.4). The gel was partially teased out on a glass slide in 0.04 mM inositol hexaphosphate (pH 6.4), deposited on a grid, promptly fixed for 2 min with 2% glutaraldehyde, and stained with 2% sodium phosphotungstate.
Electron Microscopy. Specimens were examined with a field emission transmission electron microscope. The conventional thermionic emission gun of a Hitachi HU-12 electron microscope was replaced with a field emission gun as described by Munch (13) . To minimize radiation damage, we used the minimal beam exposure method described previously (14) , and the microscope was operated at 50 kV. Electron micrographs were taken at a magnification of 38,000 (d+1%). Calibration of the magnification was checked with a grating replica of 4630 A spacing (E. F. Fullam, Inc.), and a single crystal of Cu-phthalocyanine. Electron microscopy of deoxygenated purified gels of deoxyHbS was carried out with a Hitachi HU-11A microscope operated at 75 kV.
Image Analysis. Optical filtering and reconstruction were carried out with diffraction patterns obtained with a 1 mW Spectra-Physics He-Ne laser, as outlined by Horne and Markham (15 Three-dimensional reconstructions of the fiber images were generated as proposed by DeRosier and Moore (16) . Rotational analyses of the discs were performed by a method formally equivalent to that of Crowther and Amos (17) . RESULTS Fig. 1 A most interesting feature of our electron micrographs is the presence of discs or rings together with fibers in almost every field (Fig. 4) . Fig. 5 shows the rotational power spectrum analysis (17) of the ring in Fig. 4 , which clearly demonstrates 6-fold symmetry to an estimated resoltuion of 32 A. An image of this ring, digitally filtered for 6-fold symmetry, is shown in Fig. 6 .
We have not been able to demonstrate clear 6fold symmetry in all discs-probably because of the ease with which the analysis is disrupted by minor distortions from circularity; however, R. Josephs and H. S. Jarosch (personal communication) have confirmed our observation on re-examination of their electron micrographs of lysed sickled cells.
A preliminary three-dimensional image reconstruction of a fiber has been prepared for structure analysis (T. Wellems and M. Zwick, unpublished results). An axial projection of a disc from this reconstruction is presented in Fig. 7 in order to 0 compare its appearance with that of the rotationally filtered disc structure (Fig. 6 ).
DISCUSSION
The dimensions and structural parameters of the helical deoxyHbS fibers presented here are slightly different from those reported by Finch et al. (1) for a comparable type of fiber. They reported an outer fiber diameter of 170 A for negatively stained fibers in sickled cell lysates and 230 A in fixed gels. The axial rise per residue in the two types of preparation was 62 and 64 A, respectively. Fibers of deoxyHbS analyzed in this study exhibit an outer diameter of 160-170 A, an inner diameter of about 60 A, and an axial disc-repeat distance of 58 A. The analysis of helical parameters indicates that there are 56 discs per turn stacked normal to the helical axis rather than 48 as suggested by Finch et al. (1) and that there are consequently 9.3 rather than 8.0 deoxyHbS molecules per one-sixth of a turn along a helical strand of molecules. These differences in dimensions may result from differences in sample preparation and do not necessarily imply a fundamental difference between the structures. Indeed, it is likely that the fibers reported here are essentially the same as those reported by Finch et al. (1) .
The ring-like structures of 6-fold rotational symmetry are of considerable interest. Whereas the inner and outer diameters of the rings are difficult to measure accurately because of the unevenness of the negative strain, the digitally filtered image of the rings gives rotationally averaged dimensions that are consistent with our assessments of the fiber dimensions. The general appearance of the axial projection of a disc from the three-dimensional reconstructed fiber in Fig. 7 is similar to that of the digitally filtered image of the ring in Fig. 6 . On this basis it is reasonable to suggest that the rings represent stable substructures that are identical to the discs of the intact deoxyHbS fiber. The observation of the isolated discs coupled with the axial view from the reconstructed fiber demonstrates directly that the deoxyHbS fiber is a hollow, tubular structure.
The demonstration of structurally discrete intermediates in the polymerization of helical aggregates of deoxyHbS is an important objective. There is therefore a considerable temptation to assign a role in the sickling process to structures ob- (1) have stated that although they could not detect isolated discs of deoxyHbS molecules, they could observe aggregates of single-stranded filaments in cell-free lysates similar to those illustrated to Fig. lb . They consequently have concluded that polymerization of molecules to form these linear aggregates may represent a primary step of kinetic importance in fiber formation. At the present time the role that filaments or discs play in the assembly or disassembly of the fibers is not clear. Considering the large size of the nucleating aggregate (8, 9, 18) , either single filaments or discs could initiate fiber formation.
Although the observation of the isolated discs in the presence of fibers is not sufficient to assign them a precise role as a kinetic intermediate, the demonstration of the discs does indicate that stable circular arrays of deoxyHbS can be formed through unique intermolecular interactions. Since the discs are clearly 6-fold symmetric, rather than a trigonal arrangement of molecular pairs, we can conclude that the paired interactions involving the (36 site in the crystal of deoxyHbS (19) and invoked to explain the molecular contact sites of the 4-fold symmetric eight-stranded helix (2) cannot provide the intermolecular contact sites for the helix of 6-fold symmetry described here. Therefore, in order to explain the detailed structural basis of fiber formation in terms of the stereochemical relationships of amino acid residues on the surface of the hemoglobin molecule, the structure of several types of helical fiber will have to be analyzed.
